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INTRODUCTION AND REVIEW OF LITERATURE 
Fixation of atmospheric nitrogen is a means by which relatively 
few of the total numbers of plant species can obtain nitrogen. Nitro­
gen fixation in plants involves a symbiotic association between the 
plant and some other organism. The host plant obviously benefits 
from the association by obtaining nitrogen in a useable form from the 
most abunqant natural source, the atmosphere. The microsymbiont 
within the host root-nodule cells benefits from the nutrition received 
and the otherwise favorable environment (14) • . Because of the agricul­
tural profits from nitrogen fixation, the host's benefit from the 
association has been the most-studied aspect of the sy.mbiosis (14) . 
Shepherdia argentea Nutt. (Buffalo-berry) and its root-nodule micro-
symbiont, referred to as the endophyte, are the subjects of this 
study. New knowledge concerning the nitrogen economy and thereby 
ecological significance of this pioneering p�ant is important. Its 
pioneering ability or ability to thrive early in.the natural plant 
succession of a nitrogen-deficient soil gives it this significance 
(lJ). The root nodules with symbiotic endophyte are the site of 
nitrogen fixation and allow this shrub to survive in a nitrogen 
deficient soil. Its contribution of fixed nitrogen to the soil 
allows later growth of plants without this nitrogen-fixing ability. 
The purpose of this study was to isolate the symbiotic endo­
phyte from§.. argentea nodules in pure culture and to study the 
endophyte morphology ,i!! �- In addition to permitting 
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identification of the endophyte, it could be more closely studied for 
its role in and benefit from the symbiosis. The morphological study 
in situ would aid in selecting nodule isolates to test for nodule­
forming ability. The morphological study, therefore, would also aid 
in identifying the endophyte. 
Shepherdia argentea is one of at least 205 species of non­
leguminous angiosperms bearing root nodules similar in appearance and 
function to those of the legumes (4) . _This group of dicotyledonous 
plants includes nine genera in six families. The genus Shepherdia is 
one of three genera· in the family Elaeagnaceae (4) . All accepted 
instances of nodule formation in these species involve woody plants, 
or, as in the legumes, involve plants in a family containing woody 
genera (6). There is no substantiated method in the literature for 
isolation of the.§_. argentea endophyte or of the root-nodule endophytes 
of any of the other non-legumes (9) . 
The symbiosis between the non-legume plants and the associated 
nodular endophyte resembles legume symbiosis primarily in four ways 
as described by Bond et al. (6): 
1. With favorable conditions, development of nodules begins on 
young plants two weeks after application of the nodule 
organism. 
2 • .After nodules appear, the plant can grow in a rooting medium 
free of combined nitrogen, thus, showing that atmospheric 
nitrogen is fixed and that the fixed nitrogen enters the 
plant's metabolic system. 
J. Nodules and the fixation of atmospheric nitrogen are not 
necessary for plant survival.if an external source of 
combined nitrogen is available. 
4. Formation of nodules on an inoculated plant is reduced if 
combined nitrogen is present in the rooting medium. 
Because the microsymbiont of the non-legume nodules has not been 
isolated in pure culture, it is almost impossible to raise nodulated 
plants of these species under_
aseptic conditions wit� only the erdo-
phyte and host plant growing in the medium. Quispel nearly achieved 
this in 19.54 using Alnus glutino�a (16) . 
Some researchers have used light and electron microscopy to 
observe the endophytes of non-legumes in situ (2, 8, 9, 18). Some 
Have observed hYPhal microorganisms with actinomycete (streptomycete) 
characteristics (2, 8, 9, 17, 18). Still others have seen no true 
hyphae and believe that a plasmodial or anism is present (12). Bond 
(5) finds it quite normal that opinions as to the nature of the 
endophyte differ markedly because contents of nodule cells are 
extremely congested. Silver (18) used the electron microscope in 
attempting to characterize the endophyte of Xyrica ce.rif era. He 
observed septate branching hyphal cells with internal structures and 
large terminal ends. Becking et al. (2) found the Alnus glutinosa 
endophyte to be actinomycete-like, and Gatner and Gardner (9) found 
the Hippopha·� rhamnoides endophyte to be very similar. Becking et al. 
(2) in studying the endophyte of Alnus glutinosa, observed three 
different forms: 
1. The hyphal form of the endophyte infects the host cells. 
The plant-cell nucleus and mitochondria can be found in 
these infected cells. 
3 
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2. Vesicles with numerous cross walls develop in these infected 
cells. The vesicles and hyphae are surrounded by the host­
cell cytoplasmic membrane. Plasmalennnasomes are very 
pronounced.· Some of the vesicles are vigorous, others are 
shrunken as if being digested by the plant cell. 
J. Bacteria-like bodies. completely fill some host cells. These 
host cells are dead; they contain no nucleus or mitochondria, 
and the bacteria-like bodies are not surrounded by a �ost-
cell cytoplasmic membrane. \ 
From the nature of the host cells and the three endophyte forms, 
Becking et al. (2) infer that the living host cells stimulate the· 
endophyte to form vesicles at the hyphal tips. Later, the host cell 
digests the vesicle cytoplasm and hyphae. If the host cell is not 
able to survive the initial infection, the hyphae divide into bac­
teroids which are not digested because no host cytoplasm is present. 
Hyphal cytology shows the endophyte to be a streptonzy-cete. Becking 
et al. (2) call it an actinomycete. 
Hawker and ·Fraymouth (12) describe the endophyte as being a 
free-moving particle in the soil which enters young_lateral roots 
just behind the root cap and establishes infection. 
A mature nodule may range from a few millimeters to over 15 cm 
in diameter. These nodules of non-legumes are lateral swellings on 
the roots externally like those of the legumes. A few weeks after 
the first appearance of nodules, new lobes form at the apex of the 
original nodule. Because of this frequent branching and the peren­
nial habit, the nodule cluster may reach the large diameter in Alnus, 
Casuarina, and Ceanothus. 1{y"rica and Casuarina each has a root which 
arises from the apex of each nodule lobe; these roots are negati�ely 
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geotropic. Nodules of Alnus, ;Myrica, and Casuarina are intensely red 
from the presence of an anthocyanin-type pigment; whereas, nodules of 
. . 
the Elaeagnaceae are white (4, 9). 
The internal nodule structure is that of a typical root except 
for many air spaces in the cortex. The nodules do not have root 
�aps or root hairs. A cork layer develops early and surrounds the 
nodule. The nodule has � central stale surrounded by an endodermis 
which also becomes corky. The endophyte is found intracellularly in 
the enlarged cortex; however, not all the cortical cells are infected. 
The smaller uninfected cells often contain tannin or starch. The 
spical meristematic cells are also uninfected. Beginning next to 
the spical meristem, the cortex consists of three zones. First, is 
young, newly infected tissue; second and closer to the parent rootlet 
is a zone of large mature infected cells; third and still closer to 
the nodule-origin is a region of degenerate infected cells (4, 12, 19) . 
This description gives support to Backing's observations and postula-
tions of host and endophyte cells (2). 
The classical method for detection of nitrogen fixation is to 
test whether a free-living organism alone or a combination of organ­
isms as symbionts can grow and increase in nitrogen content in the 
absence of combined nitrogen. :Experiments of this nature require 
adequate controls so that any increase in nitrogen content may be 
attributed to the fixation of atmospheric nitrogen (5, 6). 
A more.recent and conclusive method for detection of nitrogen 
fixation is that of using isotopic nitrogen. In using this method, 
6 
one first recognizes that normally the nitrogenous constituents of 
living things contain 14N nitrogen with _only l out of 267 nitrogen 
atoms as 15N as is the ratio in normal air. In using this method, 
one also rec_ognizes that living organisms do not distinguish between 
the two isotopes. The method then, involves supplying an atmosphere 
��ntaining excess .15N lab.eled N2 to a suspected nitrogen fixer and 
detecting uptake of 15N (5). Bond (.3) used this method to prove the 
nitrogen fixing ability of Shepherdia argentea. 
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MATERIALS AND METHODS 
Syn]biotic Plant 
The non-leguminous plant used in these studies was Shepherdia 
argentea Nutt. (7) . This deciduous shrub is native to North .America 
and in South Dakota is found in natural stands and in shelterbelts. 
Nodule Collection _r�)'eparation 
Nodules of.§_. argentea were collected from shelterbelt trees on 
the United Methodist Camp proper·ty near Lake Poinsett, South Dakota. 
The nodules were left attached to root segments and placed in plastic 
bags during transport to the laboratory. Nodules were washed overnight 
with cold flowing tap water. Nodules and nodule clusters were then 
removed with a razor blade, and the nodule branches were broken apart 
to facilitate cleaning. Surface sterilization was attempted using 
four general methods: 
1. The HgC12-ethanol-water method of Framer and Schmidt (15) . 
2. A wash in a 10 percent solution of Hilex bleach for 10 to 
15 minutes followed by a sterile water rinse. The active 
ingredient of Hilex bleach is 5.25 percent NaOCl. 
3. A wash in a 0. 1 percent (w/v) Dreft detergent solution with 
active ingredient sodium perborate (Procter & Gamble, 
Cincinnati, Ohio) preceding the HgC12-ethanol-water method of Framer and Schmidt (15). 
4. The 20 percent H2o2 method of A. G. Wollum et al. (2J). 
In the most extensive of several ·isolation experiments, four 
different cleaning treatments were used on nodules and root tissue. 
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In all surface treatments, the nodules or roots were rinsed with tap 
water as previously described and washed in a test tube containing 
5 .0 ml of 0. 1 M potassium phosphate buffer pH 7. 0 using a vortex 
mixer for five minutes. Nodules of treatment #1 were then homog­
enized without further cleaning or attempts at surface sterilization. 
�odules of treatment #2 were then washed in 200 ml of a 0. 1 percent 
(w/v) solution of Draft detergent using a magnetic stirrer to agitate 
them for 20 minutes. These nodule·s were next rinsed several times 
with sterile watGr, immersed in 20 percent (v/:) H2o2 for eight 
minutes with agitation, and rinsed in sterile distilled water seven 
times before being homogenized. Nodules of treatment #3 were washed 
in the detergent solution and rinsed with water as above before the 
outer cell layers were aseptically removed from each one. The nodules 
were then washed in the H2o2 and rinsed in sterile water. Nodules of 
treatment #4 were ones which had been dried for 20 months. These 
nodules were homogenized without further cleaning. Roots of treatment 
#5 were washed in the detergent solution, rinsed, washed in the H2o2, 
·and rinsed seve� times in sterile water before being homogenized. The 
purpose of using the nodules which received no treatment aimed at 
surface sterilization and of using the n�rmal-root control was to 
determine the effectiveness of the surface sterilizing techniques and 
to compare isolates from nodules and apparently uninfected roots. The 
dried nodules were used with the idea that surface contaminants may 
not survive �he drying; whereas, the microsymbiont within the nodule 
cells might survive the drying. 
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The treatments used in attempting to achieve sur�ace sterilization 
were tested by placing some of the individual nodules and root pieces 
on plates of nutrient agar plus 2-percent glucose after their surface 
treatment. These plates were incubated at 20-25 C for five days and 
observed for growth of microorganisms around the nodules or root\ 
pieces. 
The nodules or roots from each treatment were crushed using 
I 
either a sterile forceps or a 40-ml Tenproeck tissue grinder (Bellco 
Glass, Inc. , Vineland, N. J.). When forceps were used, the nodules 
were crushed in 2-3 ml of sterile 0. 1 M phosphate buffer pH 7. 0. 
When the tissue grinder was used, the nodules were homogenized in 
5.0 ml of the sterile buffer. The homogenate was then used to streak 
15 x 100 mm Petri plates of the various media. 
Media 
Five principal media were used. These media were prepared both· 
with and without soil, root, and nodule extracts as the liquid portion. 
The five media prepared without the extracts were heat sterilized; 
whereas, the sugars and root and nodule extracts were filter sterilized 
prior to addition to a medium. The media used were the following: 
Difeo "Bacto" nutrient agar plus 1 . 5 percent glucose 
Difeo "Bacto" potato dextrose agar 
Difeo "Bacto" plate count agar 
Nitrate-sucrose agar (21) 
NaNOJ 
K2HP04 
MgS04
• 7 H20 
KCl 
Feso4.7 H20 
Difeo "Bacto" agar 
Connnercial sucrose 
Deionized water 
Quispel's agar (17) 
K2HPo4 
NaH2Po4 
MgS04•7 H20 
KCl 
CaCOJ 
Difeo "Bacto" agar 
Difeo "Bacto" peptone 
Difeo "Bacto" glucose 
Deionized water 
2. 0 g 
1. 0 g 
0.5 g 
0.5 .g 
0. 01 g \ 
15. 0 g 
30. 0 g 
1000. 0 ml 
O. J g 
0 •. 2 g 
0.2 g 
0. 2 g 
2. 0 g 
15. 0 g 
5.0 g 
20. 0 g 
1000. 0 ml 
When extracts were included in these media, the carbohydrates 
were dissolved in the aqueous root and nodule extract which was then 
filter sterilized. The same procedure was used to add peptone to 
Quispel's agar. When no additional carbohydrate or peptone was added 
to the prepared medium as with potato dextrose agar and plate count 
agar, only the root and nodule extract was filter sterilized. For 
these media containing the extracts, the inorganic constituents and 
agar were dissolved in 900 ml of soil extract and heat �terilized at 
121 C and 15.psi for 15 minutes. 
10 
11 
The soil extract was prepared by autoclaving 500 � of loam soil 
with 1200 ml of tap water for one hour. The suspended particles were 
allowed to settle for several hours before the liquid was decanted 
into a gravity filtr'ation funnel with a paper towel. The soil extract 
prepared in this manner was th�n clarified rapidly by centrifugat�on 
\ 
with a Sorvall continuous-flm-1 centrifuge at 4)40 x g and a. flow rate 
of three liters per hour. The resulting amber-colored liquid was used 
l 
directly in preparing the major volume Qf each medium receiving root 
and nodule extract. That is, 900 ml of soil extract was heat sterilized 
after addition of the inorganic constituents and agar. The remainder of 
each of these media was made up of the filter-sterilized ingredients. 
These ingredients included 110 ml of root and nodule extract with the 
dissolved organic constituents. 
The root and nodule extract was prepared by blending 120 g of 
roots and nodules with 800 ml of clarified soil extract. Of this 120 g, 
60 g was from four 3-year old S. argentea seetllings and 60 g was from 
one 2-year old Elaeagnus angustifolia L. seedling all grown in the 
greenhouse. These roots and nodules were blended for 10 minutes using 
a "Cycle" Osterizer (John Oster Mfg. Co., Milwaukee, Wis.). The 
blended mixture was allowed to stand for one hour before being gravity 
filtered through glass wool. This initial filtrate was vacuum filtered 
through Whatman No. 50 filter paper and Celite analytical filter-aid. 
This second filtrate was vacuum filtered through a 47 mm diameter 
cellulose memb!ane filter (Millipore Corp. , Bedford, Mass·. ) with an 
average pore size of 1. 2 JUD- and stored overnight at 5 C. The 
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carbohydrate for each medium was dissolved in 110 ml o� the root and 
nodule extract, filter sterilized using a 47 mm diameter cellulose 
membrane filter (Millipore Corp. ) with an average pore size of 0. 45p 
and transferred into the heat-sterilized portion being held at 55 C. 
Each medium was poured into p�ates immediately after combining these 
separately prepared solutions. Each medium with the root and nodule 
extracts contained the following-filter-sterilized ingredients as 
I 
listed for the five different media: n�trient agar plus 1.5 percent 
glucose, 15. 0 g of Difeo " Bacto" glucose and 110 ml of root and nodule 
extract; potato dextrose agar, 110 ml of root and nodule extract; 
plate count agar, 110 ml of root and nodule extract; Quispel's agar, 
20. 0 g of Difeo "Bacto" glucose, 5.0 g of Difeo "Bacto" peptone, and 
110 ml of root and nodule extract; nitrate-sucrose agar, 30. 0 g of 
commercial sucrose and 110 ml of root and nodule extract. 
Inoculation for Isolation of the Endophyte 
Duplicate plates of the 10 different media were inoculated with 
the homogenized suspensions of nodules from four different treatments 
and the normal root control. The streaked plates were incubated at 
ambient temperatures both aerobically and anaerobically for several 
days. In all isolation experiments observations were made to detect 
colonies which appeared to be alike. The observations of similar 
colonies occurring frequently could be significant. Inoculations 
from untreated nodules, nodules treated· to attain surface sterility, 
and surface-treated roots were made and observed for deterillining the 
1.3 
effectiveness of the surface sterilization and the sind.larity of 
organisms from nodules and apparently uninfected roots. Pure culture 
isolates were kept on agar slants of the same medium from which each 
organism was isolated. These stock cultures were refrigerated at 5 C 
for storage after incubation at 20-25 C for three to five days. 
Germination of Seeds 
Shepherdia argentea seeds must ba stratified before germination 
will occur (20). Stratification is accomplished by holding seeds at 
5 C in a  moist environment for 60-90 days. The dried berry pulp was 
removed, and the seeds were surface sterilized prior to stratification 
using•a 10 percent Hilex wash followed by treatment with O. l percent 
HgC12 for 10 minutes and seven rinses in sterile water. The treated 
seeds were aseptically transferred to poured plates of nutrient agar 
plus 2 percent glucose and incubated at ambient temperatures for five 
days to detect any seed contaminants. Only plates with surface­
sterile seeds were held at 5 C for stratification. After 60-90 days, 
the seeds were germinated at 20-.30 C in the greenhouse. Germinated 
seeds were transferred to sterilized sand in 6-inch standard plastic 
pots and nourished with a sterilized solution of Bond's Modified 
Crone's Salts (1). One gram of the powdered salts plus 5 mg of 
nitrogen as NH4No3 per liter of tap water was used. The nitrogen 
was eliminated from the n�trient ,solution after the initial seedling 
inoculation. 
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Seedling Inoculation 
When the seedlil'.).gs · were two months. old, they were inoculated 
with pure cultures of some isolates from root nodules. These isolates 
were prepared as 24-48 hour broth cultures using the same medium from 
which each was first isolated. The cultures were harvested by cintri-
fugation and the cells resuspended.•in 0. 1 M potassium phosphate buffer 
pH 7. 0. Because of a limited number of two-month old seedlings, only 
two seedlings were inoculated with each culture. The inoculations 
were accomplished by pipetting 5 ml of each buffered suspension onto 
the sand around each of the duplicate seedlings. 
Isolate Viability and Survival 
The viability of the organisms in the buffered suspensions and 
their survival in the sand was determined by streaking the appropriate 
medium with both the culture suspension and a buffered wash of a 1-
gram sample of sand from near the inoculated seedlings. Seedlings 
were inoculated a total of three times at two-week intervals. Nega­
tive control seedlings were uninoculated but received 5 ml of the 
buffer each two weeks. Positive controls were established by inocula­
ting duplicate seedlings with.§.. argentea crushed nodule suspensions 
each two weeks. 
Examination for Nodulation 
Two months after the initial seedling inoculations, the roots 
were examined with a dissecting microscope for evidence of nodulation. 
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The demonstration of nodulation and the subsequent rei_solation of the 
infecting organism from the newly formed nodules·would partially 
fulfill Koch's Postulates. 
Examination of the Endophyte in situ 
Morphological studies of the§_. argentea nodules were accom-
lished using both light and electron microscopy. Only freshly 
I 
collected nodules and roots were used for these experiments. Prepara-
tion of the plant tissue for light and electron microscopy was done 
according to a laboratory exercise compiled by Dr. Wayne S. Gardner 
of the Plant Science Department, South Dakota State University. 
Rootlets and nodules were cut into 1-2 nnn cubes with a razor blade 
while the material was in several drops of the cold fixative placed 
on the cover of a 15 x 100 mm plastic Petri dish. Tissue was fixed 
in cold (4 C) 2. 5 percent glutaraldehyde in 0. 05 M potassium phosphate 
buffer pH 7.0 and further fixed in cold similarly buffered 1 percent 
osmium tetroxide (11). During fixation, the root and nodule pieces 
were placed in 20-ml snap top vials with 15 ml of the glutaraldehyde 
fixative. The pieces were fixed for 12 hours at 4 C. After decanting 
the fixative, the tissue was washed innnediately with 15-ml portions 
of 0. 05 M potassium phosphate buffer pH 7. 0. The second, third, and 
fourth 15-ml rinses were each left in the vials for 15 minutes before 
being poured off. After decanting the fourth rinse, the remaining few 
drops of buf�er were removed with a Pasteur pipette. Five milliliters 
of l percent osmium tetroxide was added to each of the vials containing 
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the fixed tissue and allowed to stand for 19 hours at 4 C to complete 
the second fixation. The osmium tetroxide was decanted, and the 
remaining few drops were removed with a Pasteur pipette. Next, 5 ml 
of 25 percent acetone was placed into each vial, swirled, and immedi­
ately decanted. This first acetone rinse was replaced with 15 ml of 
2? percent acetone, swirled, and allowed to stand for 10 minutes 
before being de canted. It was r·epla ced with 15 ml of 50 per cent 
acetone. The 50 percent acetone was left in the vials for 72 hours 
before continuing the dehydration. In the next dehydration step, the 
50 percent acetone was decanted and the tissue pieces washed in 5 ml 
of 75 percent acetone before being allowed to stand in 10 ml of the 
75 percent acetone for 30 minutes. This acetone was removed and 
replaced with 100 percent acetone which remained for 70 minutes while 
the plastic embedding material was being prepared. A 500-ml plastic 
graduated cylinder was used as the mixing vessel and 100 ml of 
Araldite 6005 (R. P. Cargille Laboratories, Inc. , Cedar Grove, N. J. ) 
an·epoxy casting resin, 33 ml of Epon 812 (Fisher Scientific Company, 
Pittsburgh, Pa. ) an aliphatic epoxy resin, and 210 drops of 2,4, 6-tri­
dimethylaminomethyl phenol (DMP-30; Rohm & Haas, Philadelphia, Pa. ) 
a polymerization accelerator were placed in it. These constituents 
were mixed with a large glass rod using an up and down motion. Next, 
150 ml of dodecenylsuccinic anhydride (PDSA; R. P. Cargille Labora­
tories, Inc.) ·an epoxy hardner was added. All these ingredients were 
mixed using the glass rod and the same motion. The plastic was poured 
into 20-ml vials, and an equal amount of 100 percent acetone was added 
17 
and mixed by repeated inversion of each vial. About 5.ml of the 1:1 
mixture was poured into each of several 15 x 35 mm disposable foil 
pans. Dehydrated tissue pieces from the 100 percent acetone were 
transferred to separate pans according to the source of the material. 
Care was taken to keep each piece in a drop 0£ acetone during thb 
t.ransfer to prevent rapid loss of the acetone from the tissue. The 
pieces were stirred occasionally with a toothpick during a 5-hour 
I 
drying period at room temperature. These pans and contents were next 
placed in a 40 C drying oven for 90 minutes. Finally, the tissue 
pieces were removed from the pans, placed on a paper towel, and trans­
ferred to a fresh mixture of epoxy resins i� prepared gelatin capsules. 
Two pieces were placed into each capsule so that_hopefully at least 
one of them would sink to the tapered capsule bottom. The capsules 
were then placed in a 60 C drying oven for 24 hours of polymerization. 
The labeled plastic blocks were trinnned so that a pyramid was 
formed with a flat top of about 0. 5 nnn square and with the embedded 
material at its center. Sections were cut from these pyramid tops 
on a Sorvall Porter-Blum MI'-2 Ultramicrotome with a glass knife. 
Thick sections (0. 5 - 1. 0 J.llll) were cut for light microscopy and 
stained as wet mounts with crystal violet or safranin. Silver­
colored thin sections about 60 to 80 nm thick were cut for electron 
microscopy, picked up on JOO-mesh copper grids, stained initially 
with 2 percent (w/v) uranyl acetate for 2-3 hours, rinsed in doubly 
distilled water, and dried. The stained and dried mounted sections 
were doubly stained using lead citrate prepared by dissolving 2. 66 g 
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of Pb(No3
) 2 in about 70 ml of doubly distilled, freshll boiled water 
in a 100-ml volumetric flask. Next, J.52 g of sodiUlll citrate dihydrate 
followed by 16 ml of 1 N NaOH made with d,oubly distilled, freshly 
boiled water was added. The volume was brought to 100 ml with 
carbonate-free water. The fi�al pH of the lead citrate was 12. 0\. 
\ 
�t is very important to eliminate carbon dioxide contamination of 
the lead citrate stain since it•forms carbonate precipitates. There-
1 
fore, several pellets of NaOH were placed in a 15 x 100 mm plastic 
Petri dish to absorb co2• Several drops of carbonate-free water were 
also deposited in the dish to prevent dehydration of the stain due to 
the hygroscopic nature of the NaOH. The lead stain was next filtered 
through a 13 mm diameter cellulose membrane filter (Millipore Corp. ) 
with an average pore size of 0. 2 ,im using a syringe adaptor. The 
filtrate was placed directly from the syringe into the plastic dish. 
Grids with the uranyl acetate-stained sections were then placed section 
side down on these large drops of stain for 2. 5 minutes. The grids 
and sections were rinsed immediately after the staining by dropping 
several drops of carbonate-free water over them as they were hold with 
a forceps. The doubly stained sections were then ready for electron 
microscopy. 
Light and Electron Microscopy 
Photo micrographs of the thick sections of roots and nodules 
stained with.crystal violet were taken through an American Optical 
series 20 phase contrast microscope using the bright-field objectives 
and Kodachrome X 35 lTlln film. 
Electron micrographs were taken using an RCA-EMUJ electron 
microscope operating at an accelerating voltage of 50 kV. Film 
used was red-safe du Pont Cronar COS-7. The 2 x 2-inch negatives 
were printed and enlarged by _the South Dakota State University 
�hotography Laboratory. 
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RESULTS AND DISCUSSION 
Results of the-isolation experiments are very difficult to 
interpret because of the many and varied morphological types of 
organisms isolated. The ultimate test to determine which, if any, 
of the isolates obtained is the nodule endophyte, will be to infect 
the roots of aseptically grown.§_. argentea seedlings. The effective 
infection of seedling roots and the subsequent isolation of the 
endophyte from the resulting nodules would partially fulfill Koch's 
Postulates. 
These difficulties and the necessity to rely on fulfillment 
of Koch's Postulates as the ultimate test for proof of endophyte 
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isolation have prompted me to discuss the results of isolation attempts 
in an argumentative and sometimes contradictive manner. This manner 
was chosen in an effort to show the perplexity of analyzing the 
results. 
For greater clarity and simplicity, nodules and roots which 
were treated in an attempt to attain surface sterility will be 
referred to as treated nodules or roots hereafter. The other nodules 
which were only rinsed in water will be referred to as untreated 
nodules. 
The test for surface sterility of the nodules and root pieces 
had little significance since growth around the nodules could be the 
endophyte rather than a contaminant of_ the surface cell . layers. That 
i�, the endophyte could emerge from injured cells and establish con­
fluent growth around a nodule. Hence, microrganisms growing around 
the nodules were considered as morphological types to . be tested for 
nodule-forming ability. Six different morphological types were 
observed growing around nodules and root pieces and were described. 
Obviously, not all six types could be claimed as the endophyte; 
I 
however, it is not possible to determine which one, if any, is the 
\ 
�ndophyte without at least partially fulfilling Koch ' s  Postulates 
as previously stated. 
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Each of the methods aimed at surface sterilizing the nodules 
for isolation of the symbiotic endophyte reduced the numbers and 
varieties of morphological types observed. It was noted that colony 
types similar to those from treated nodules were also obtained from 
untrsated nodules. In addition, some types obtained from nodules 
were also like those obtained from the treated normal root tissue. 
These results could indicate either that the surface sterilization 
was not adequate or that one of the morphological types described as 
being the same organism from the variously treated nodules and normal 
root tissue was the endophytic organism. The normal root tissue in 
this instance could be just freshly infected by the endophyte and 
not yet show the nodule morphology. We have no criteria for proof 
of endophyte identity other than the fulfillment of Koch ' s  Postulates. 
On the other hand, one may use the normal root tissue as a control and 
postulate that all morphological types from this control whic� appear 
the same as ones from nodules may be discounted as being indigenous 
to the surface cell layers of nodule and root tissue of this plant. 
Similarly, the colonies obtained from the untreated nodules which 
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were not obtained from the treated nodules may be disc?unted as being 
only surface contaminants. The most effective surface-sterilization 
method in terms of reducing numbers and varieties of organisms was 
that of Wollum et al. (23) .  This method of detergent and hydrogen 
peroxide treatment combined with pealing off the outer cell layers of 
the nodules allowed isolation of only one microorganism from these 
homogenized nodules. It was an aerobic hyphal microorganism with 
hyphal diameter and mycelial characteristics of a fungus. It was 
considered a contaminant since it was observed on only one of 20 
plates of 10 different media. The nodules treated by all surface­
sterilization methods gave a total of 63 isolates differentiated 
only ey colonial and cell morphology. It was determined that root 
and nodule extracts were not required for these organisms since they 
grew on the media without the extracts. These isolates included 
bacterial, streptomyces-like, and fungal microorganisms. The 
morphological types most frequently occurring in the several exper­
iments may have a greater probability of being the endophyte. On 
the other hand, this frequency of isolation may : indicate that they 
are only more persistent surface contaminants not involved in the 
symbiosis. The observation that certain types of organisms were 
isolated in nearly all experiments , however , should indicate that 
there is some close relationship between these organisms and the 
nodules. For this reason, ten of the 63 morphological types were 
selected to d�termine their nodule-forming ability. 
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Two-month old seedlings grown in sterilized sand and nutrient 
solution were inoculated with the 10 different types to determine the 
nodule-forming ability of each one. The organisms used included both 
bacterial and streptomyces-like organisms. Samples of the sand near 
each of the seedlings were ta�en several days after inoculation bnd 
organisms of the type used for each inoculation were reisolated from 
them. This reisolation from the · sand demonstrated that the survival 
I 
I 
rate and viability of the organisms waa sufficient so that reinocula-
tion of the seedlings each two weeks would be adequate to maintain 
viable organisms in the rooting zone at all times. The uninoculated 
control seedlings did not develop nodules; however, neither did the 
seedlings which were �noculated with fresh nodule suspensions each 
two weeks. It was expected that the seedlings inoculated with the 
nodule suspensions would become infected by the endophyte and nodulate. 
Since no nodulation was evident two months after the initial inocula­
tion, it was assumed that either the conditions for ·nodulation were 
not adequate or that the period of time allowed for nodulation to 
occur was not sufficient. Because the seedlings inoculated with the 
nodule suspensions did not nodulate, it was not surprising that the 
other seedlings inoculated under the same conditions with the 10 
organisms did not nodulate. The conditions necessary for nodulation 
must be determined in a future study before the organisms are tested 
again for their nodule-forming ability. 
The nod�les of a three year old £• argentea seedling show the 
large nodule clusters (Fig. 1) formed by the branching of infected 
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lateral roots. Light and electron microscopy of these nodules in both 
thick and thin sections show the infected plant cells to be much­
enlarged as compared with cells of apparently uninfected root tissue. 
Cells containing the _ endophyte vesicles, the enlarged hYPhal tips, 
contain host cell plastids, mitochondria, and nuclei in addition to 
the endophyte. 
Photo micrographs of the nodule tissue in thick sections have 
shown the endophyte to occur in many different shapes ranging from 
spherical to hook-shaped bodies crowded into t�e enlarged plant cells 
(Fig. 2) -. A simple stain using aqueous crystal violet in a wet mount 
preparation gav�� excellent contrast between endophyte B;nd plant cells. 
Electron :r.:. · crographs of nodule tissue show end�phyte hyphae 
surrounding the plant cell nucleus (Fig. _ J) . No other plant cell 
organ�lles were observed in the infected cell. Curved and spherical 
bodies called vesicles (2) are very- conspicuous in the nodule cells 
(Fig. 4) . In estimating size relationships, it was found that the 
vesicular hyphal tips range from 1 .5 to J. 0 )lirl in diameter; whereas, 
the hyphae range from 0. J to 0. 9 pm in diameter. These vesicles and 
hyphae are surrounded by membranes of host origin (Fig. 5) . Figure 4 
shows the endophyte cell wall, cytoplasmic membrane, and cytoplasm 
as electron-dense areas. The cytoplasmic membrane and cell wall are 
separated by an electron-transparent band of varying widths which 
appears to surround the vesicle cytoplasm. This band is interpreted 
as  being empty space where the cytoplasmic membrane . has shrunken away 
from the cell wall (2 ) .  The fact ·that the transparent band i s  of 
Fig. 1. Nodules on roots of a three-year-old Shepherdia argentea 
seedling. 
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Fig. 2. Photo micrograph of the Shepherdia argentea nodule endophyte 
l!!, �- Crystal violet stain showing the endopbyte as 
purple granular bodies filling the enlarged nodule cells. 
Bar - in the lower right indicates 5 um. 
Fig . J .  Electron micrograph of the hyphal endophyte ( HyE) surrounding the nucleus ( NuH) 
of a nodule cell. The cell wall of the host (WH) and the host nucleolus (NH) 
are also shown. Bar indicates 1 um. 
N °' 
Fig. 4. 
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Vesicles showing the electron-dense cell wall (WE),  cyto­
plasmic membrane ( CE ) ,  and cytoplasm ( Cy) . The electron­
transparent empty space (ESE).  Also shown are cross sections 
of hyphae ( HyE) , starch granules ( SE ),  and the cell wall of 
the host (WH ) .  Bar indicates 1 um. 
Fig. 5 .  Host cytoplasmic membrane ( CH) surrounding an elongated 
vesicular endophyte (V) . A ' host mitochondrion (MiH) and 
a ·host plastid ( PlH) are also shown. Bar indicates 1 um. 
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varying widths on the micrographs indicates that it i� empty space 
rather than a layer of a thick cell wall. The vesicle cytoplasm is 
divided by numerous randomly arranged septa as were observed in the 
Alnus glutinosa (2) and Hippopha� rhamnoides endophytes (9 ) . These 
septations are continuous wi�h �he vesicle cytoplasmic membrane \ . 
\ 
(Fig. 6). The areas bounded by these septations each have regions 
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of low electron density which are designated as being diffuse nuclear 
material (Fig. 6 )  (2, 9 ) . Many of the vesicles appear to have intra-
cytoplasmic �embrane systems (Figs. 7 ,  8, 9 ,  10), a feature which 
considered with the absence of a nuclear membrane and the average 
hyphal diameter of 0. 6 JJif1 gives strong support to the idea that the 
endophyte is a soil streptomycete. 
Some electron micrographs show the hyphal attachment to the 
vesicles; that is, cytoplasmic membranes of the vesicles are contin­
uous into a protrusion off the vesicle (Figs. 11, 12, lJ ) .  Other 
electron micrographs show hyphae (Fig. 14) ,  and some hyphae have 
cross walls clearly evident (Figs. 15 , 16 ) . Many of the vesicles 
and hyphae contain spherical granules with one to several in a 
cluster within the cytoplasm (Figs. 6 ,  14, 15 , 17 ) . These granules 
may be the carbon reserves of the endophyte. Large dense granules 
like these of the 2· argentea endophyte have been noted in germinating 
spores, in healthy-looking cells, and especially in aging hyphal cells 
of Streptomyces coelicolor (22 ) .  The granules of this organism were 
previously described by Glauert and H�pwood (10) as volutin granules. 
The granules of the 2• argentea endophyte may be the same. 
C E  
Fig . 6 .  Ve sicle showing septa ( SeE) continuous with the cytoplasmic 
membrane ( CE) . These septa . are probably cell walls forming 
within the ve sicle . The host cytoplasmic membrane ( CH) 
surrounds the vesicle . Also shown is a starch granule ( SE) 
and some diffuse nucle�r material ( ) . ar indicates 1 um. 
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Fig. 7 . Vesicle showing intracytoplasmic membranes ( IME) . These membranes indicate that the 
vesicles are structurally more complex than bacterial cells. Bar indicates 0 . 5  um. 
\_,.) 
I-' 
Fig. 8. Vesicle showing intracytoplasmic membrane system (IME) as 
parallel fibers. The endophyte septa (SeE) , cytoplasmic 
membrane ( CE) , cell wall (WE_), and the host cytoplasmic 
membrane (CH) are also shown. Bar indicates 1 um. 
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Fig. 9 .  A part of the vesicle in Fig. 8 .  enlarged showing the intra­
cytoplasmic membrane system ( IME ) , the cytoplasmic membrane 
of the vesicle ( CE) , the vesicle cell wall ( WE), and the 
host cytoplasmic membrane ( .CH) . Bar indicates 0. 25 um. 
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Fig. 10. Vesicle (V) showing intracytoplasmic membranes ( IME),  cytoplasmic membrane (CE),  
cell wall (WE),  a septum (SeE),  and a starch granule ( SE).  This vesicle has 
structural characteristics of some streptomycete spores. Bar indicates 0 . 5  um. '$-
Fig. 11 . Hyphal attachment (HyE) to the endophyte vesicle with the 
cytoplasmic membrane of the vesicle ( CE) continuous into 
the protrusion on the vesicle . Bar indicates 1 um. 
35 
36 
Fig . 12 . Vesicle (V)  with hypha (HyE) and striated bodies ( StE) . 
Bar indicate s 0 . 5 um. 
Fig. lJ . Vesicle (V) with a hypha (HyE) . Bar indicates 0 . 5  um. \,,_,,) 
----J 
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Fig . 14 . Endophyte hypha ( HyE) and a vesicle (V) with starch granules 
( SE) . Bar indicates  1 um. 
Fig .  15. Endophyte hypha with septwn ( SeE) , cell wall (WE) , cytoplasmic membrane 
( CE) , and starch granules ( SE). The host cytoplasmic membrane ( CH) 
surrounds the hypha. Bar indicates 1 wn. 
\..,0 '° 
Fig . 16 . Three hyphae ( HyE) , two in longitudinal section and one in 
cross  section . One shows a septum ( SeE) . Bar indicates 
0 . 5  um. 
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Fig. 17. Vesicle showing striated bodies ( StE) and starch granules 
( SE ) .  Also shown is the plant cell wall (WH) . Bar 
indicates 0 . 5  um. 
41 
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Morphologically, the endophyte of Shepherdia argentea is similar 
. . 
to the endophytes of Alnus glutinosa (2) and Hippopha� rhamnoides (9) .  
There is greater similarity with the li• rhamnoides endophyte, however, 
because of the vesicle size, the absence of a bacteroid form, and the 
more frequent observation of vesicles than hyphae. 
Figure 18 shows a nodule cell filled with hyphae and vesicles of 
many shapes. This electron micrograph gives an excellent example of a 
I 
hypothetically complete nodule cell infected with the endophyte. It 
shows the vesicles, hyphae, and the hyphal attachment to one vesicle. 
This cell also contains host plastids and mitochondria. 
Two adjacent nodule cells are shown (Fig. 19 ) with one uninfected 
and �ne infected with the endophyte. An electron micrograph at higher 
magnification (Fig. 20) shows the uninfected nodule cell with its 
nucleus and starch granules. This cell is presented as being typical 
of the uninfected nodule cells. 
Fig. 18 . 
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Nodule cell containing numerous vesicles (V) , hyphae (HyE) , 
and plastids ( PlH) . Also shown are mitochondria (MiH) and 
plant cell walls (WH). This nodule cell i.s typical of the 
infected nodule cells observed. Bar indicates 3 um. 
Fig . 19 . 
' . 
Nodule cells , one apparently infected, the other apparently uninfected. The 
infected one showing the endophyte (E) , nucleus (Nu.H) , and nucleolus (NH) . The 
uninfected one showing nucleus (Nu.H) , nucleolus (NH) , starch granules ( SH) , and 
the plant cell wall (WH) . Bar indicates 5 . 0  um. 
t 
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Fig. 20. Electron micrograph of the apparently uninfected nodule cell 
shown in Fig. 19. Shown are starch granules ( SH) , nucleus 
( NuH) ,  nucleolus ( NH) , plastids (PlH), mitochondria (MiH), 
and a cell wall ( WH). Bar . indicates 1 um. 
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CONCLUSIONS 
In reviewing the resu.� , ;�s . of these experiments, it is noted that 
the endophyte of Shepherdia argentea root nodules was not definitely 
isolated during this study. Sixty-three organisms differentiated by 
colonial and cellular morphology were cultured from the nodules; 
·however, proof of isolation of · the endophyte must be through fulfill-
:ment of Koch ' s Postulates . That i_s, it must be shown that an isolate 
from §_. argentea nodules can cause aseptically grown seedlings of the 
same species to nodu.late. 
Morphological studies of the end.ophyte i!!_ &E showed it to be 
a filamentous microorganism. Its hyphae have an average diameter of 
0 . 6  pm, and its enlarged hyphal ends called vesicles range .from 1. 5 
to 3 }llll  in diameter. The· vesicles and hyphae are both surrounded by 
a membrane, probably of host cell origin. Both vesicles and hyphae 
appear to have a cell wall and a cell membrane. The wall and membrane 
are separated by an electron-transparent space. The endophyte cyto­
plasm has substructures in both vesicles and hyphae. The vesicle 
cytoplasm is divided by numerous septations, probably cell walls. 
Nuclear material is recognized as electron-transparent areas with no 
nuclear membrane. Starch bodies are also evident within the hyphae 
and vesicles. Intracytoplasmic membrane systems and unidentified 
striated bodies have been observed. 
The en�ophyte of Shepherdia argentea is very similar to the 
endophyte of Alnus glutinosa ( 2) and to the nodule endophyte of 
Hippopha� rhamnoides (9) . However, it shows greater �imilarity to 
the endophyte of l!• rhamnoides. From the morphological studies and 
these comparisons to endophytes from other species, it is concluded 
that the microsymbiont of §_. argentea nodules is a soil strepto-
mycete. 
, 
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